In this paper, an adaptive sliding mode control is proposed to address the tracking control objective of uncertain nonlinear system preceded by an unknown dead-zone and with unmeasurable system state. Based on the extension state observer, sliding mode control, and adaptive dead-zone inverse techniques, a robust observer-based adaptive sliding mode control scheme is developed without available system state. The proposed control scheme can ensure global stability of the controlled system subject to unknown nonlinear function and external disturbance and achieve the tracking control objective satisfactorily.
INTRODUCTION
Generally, due to physical constraints of the dynamical systems, it may exist some non-smooth nonlinear characteristics in the control input, such as backlash, saturation, dead-zone, which can severely limit system performance or even result in system unstability. Hence, the nonlinear effects should be considered and compensated in analysis or realization of a control system. Recently, nonsmooth nonlinearitites have been drawn much attention in the control community.
Dead-zone is one of the most important nonsmooth nonlinearities arisen in actuator, such as servo valves and DC servo motors. In recent years, dead-zone has been extensively discussed in the literature. In most practical motion systems, the dead-zone is usually unknown. To handle systems with unknown dead-zone, Tao and Kokotovic (1994; 1995) proposed continuous-and discrete-time adaptive dead-zone inverses for linear systems with unmeasurable dead-zone outputs to improve the tracking performance by using dead-zone inverse. Without constructing the dead-zone inverse, Wang et al. developed a new robust adaptive approach of a class of nonlinear system preceded by a dead-zone. Ma and Yang further exploded an adaptive output feedback control without the dead-zone inverse for uncertain nonlinear system with an unknown nonsymmetric dead-zone. The considered system is dominated by a triangular system without zero dynamics satisfying polynomial growth in unmeasurable states. Selmic and Lewis employed neural networks to construct a dead-zone precompensator, which is used to improve the tracking performance of motion system in the presence of unknown dead-zone. For controlling a class of uncertain multi-input multi-output nonlinear state time-varying delay systems with unknown nonlinear dead-zone and gain signs, an adaptive neural control is proposed by Zhang and Ge. This control is designed based on the intuitive concept and piecewise description of dead-zone and the principle of sliding mode control and such this control scheme can guarantee that all signals are semi-globally uniformly ultimately bounded. Liu and Zhou used the universal approximation property of the fuzzy-neural networks to approximate unknown nonlinear function and then presented an observer-based adaptive fuzzy-neural control for a class of uncertain nonlinear systems with unknown dead-zone input to improve the control performance.
In this paper, an observer-based adaptive sliding mode control approach for uncertain systems with unknown dead-zone is proposed to achieve the tracking control objective in the presence of unknown system nonlinear function and external disturbance. The paper is organized as follows: Section 2 gives some descriptions of the system; Section 3 presents the controller design based on adaptive control, sliding mode control and extension state observer techniques; The stability of the controlled system is proved in Section 4 and conclusions are made in Section 5.
SYSTEM DESCRIPTIONS
Consider a class of n th-order single-input and single-output uncertain nonlinear system with a dead-zone function, which is described in the following dynamical equation As shown in Figure 1 , the dead-zone function can be described mathematically by
Define a system state vector as
Then, the system in (1) can be expressed by a state space representation
In this paper, the following assumptions, which specify the class of uncertain nonlinear systems are made as follows: Assumption 1. 
Then, define the tracking error as
In this paper, the control objective is to design an observer-based adaptive sliding mode control to achieve 0
under the condition that the system states are not available during the control process.
OBSERVER-BASED ADAPTIVE SLIDING MODE CONTROL
In this section, an observer-based adaptive sliding mode control scheme will be developed to achieve the state tracking control objective. Because system states are not available, a so-called extension state observer is constructed to obtain estimated system states. On the constructing process of extension state observer, an augmented state vector is given as follows:
Then, we have
In this paper, the extension state observer is given in the following form
where L is a design positive constant, constants 
where
is the estimated state of the augmented system state. From (8) and (9), we can obtain the dynamic equation of state error expressed by 
Both sides of (13) 
Define a variable as 
To yield that all the zero locations of (16) While an appropriate control law is applied and the sliding mode is occurred in finite time, the error dynamics in the sliding mode can be defined by Because the system state is not available, the sliding function cannot be constructed by the system state. In this paper, a so-called almost sliding function is given as
Then, we have 
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Substituting (18) into (22), it yields that 
Then, from (26) and (27), (25) 
In addition the equivalent nonlinear input, for approaching the sliding surface, a switching nonlinear input is given as Hence, the ideal nonlinear input can be obtained in the following form.
In (32), since f and d are two unknown functions, we can not obtain the ideal nonlinear input in the practical control. From (1), the above input can be expressed as
Then, it yields that the desired nonlinear input can be designed in the following form Because the considered system contains an unknown dead zone in this paper, an adaptive dead zone inverse is proposed. Then, (36) can be represented by
While we use the above dead zone inverse, it has a problem that the parameters 
The adaptation laws are given by
where α and β are positive constants to determine the adaptation rate. Since
Then, from (29) and (47), it yields that
Substituting (38) into (48), it is obtained that 
